This paper focuses on the dynamics and control of piezoactuators (PEAs) for high-speed large-range scanning applications. Firstly, the nonlinear hysteresis is modeled by using a modified Maxwell resistive capacitor (MRC) model. Secondly, an inverse-based feedforward controller is proposed for this application with hysteresis compensation. Then, the scanning trajectories are preshaped by treating the hysteresis-compensated PEA as a linear system. Finally, experiments are conducted to verify the effectiveness of the proposed approaches.
Introduction
Piezo-positioners are widely used in high-precision positioning and tracking applications, e.g., scanning tunneling microscopy, atomic force microscopy, and micromanipulation [1] . Among these applications, a major one is scanning a desired area by driving the positioner in a raster pattern [2] [3] [4] [5] , see figure 1. In recent years, the demand for high-throughput systems such as imaging the time-varying nature of the specimen under investigation, e.g., movements of biological cells or the formation of surface features during materials processing, has posed new challenges for the design and control of high-speed and high-precision nanopositioning systems [1, 6] . It is pointed out that the speed and precision of nanopositioners are limited by three major factors: (i) the dynamics behavior of the mechanical positioning system; (ii) the nonlinearities inherent to piezoelectric material, i.e. hysteresis and creep; and (iii) the performance of the control system [6] .
A piezoactuator (PEA) exhibits nonlinear behaviors, mainly hysteresis and creep, when it is driven by a voltage amplifier. Hysteresis is a voltage-displacement nonlinearity with non-smooth and non-memoryless nature as well as multivaluedness. Hysteresis can lead to errors as large as 15% [2] when tracking triangular waveforms over a long operating range, and causes several limitations on the performance of PEAs, such as tracking precision and stability [1] . It can be minimized by operating a PEA in a linear range by keeping the amplitude of the applied voltage as small as possible, e.g., 10% of the maximal range of motion [7] . However, this restricts the usefulness of the PEA. Alternatively, hysteresis can be significantly reduced by driving a PEA by a charge amplifier [1, [8] [9] [10] [11] . However, the charge amplifier has not been widely adopted due to its implementation complexity and cost [12] . To date the voltage amplifier is still the most popular approach to drive PEAs. In this case, the development of control techniques to mitigate the effect of hysteresis in piezoelectric actuators has attracted significant attention. Creep can be seen as the slow drift in the PEA displacement after responding to a sudden change in the input voltage. Creep causes loss of precision when positioning is required over extended periods of time and affects absolute positioning of a PEA. It is more prominent in slow and static applications. For the high-speed scanning application under investigation, creep effect can be ignored. Generally speaking, there are two approaches to deal with the nonlinear hysteresis in PEAs. One approach is to design an inverse-based feedforward controller with precise modeling to compensate for the hysteresis. The other is to design a robust feedback controller that can handle the nonlinearities [13] [14] [15] [16] . Feedback control techniques seem to be able to reach substantial performance levels. However, feedback control techniques may not be easy to implement in some cases due to the high cost and space requirements for displacement sensors [2] . Meanwhile, the nonlinearities in PEAs make the traditional control methods insufficient [1, 2, 12] . Given that the scanning trajectories are known, an open-loop feedforward controller is quite suitable for this application. An advantage of a feedforward control scheme over a feedback one is that it does not require any additional sensors for implementation. Inverse-feedforward control can substantially improve the performance of piezopositioners [7, 8, 17] . If displacement sensors are available, combining with feedback techniques will further improve the tracking performance in the presence of parameter uncertainties [18, 19] . Inverse-feedforward control was applied to a charge-controlled PEA in [8] . The inverse-based feedforward technique integrating with a feedback controller was proposed in [18] for a charge-controlled PEA to reduce the effects of parameter uncertainties. An image-based feedforward trajectory preshaping method was proposed in [3, 4] for small-range scanning applications. However, the nonlinearities in PEAs are ignored in charge-controlled cases [1, [8] [9] [10] and small-range scanning cases [1, 7] .
A number of techniques have been proposed to model the hysteresis including the Preisach model [7, [19] [20] [21] [22] [23] , the Prandtl-Ishlinskii model [24] [25] [26] [27] [28] [29] [30] [31] , the Maxwell resistive capacitor (MRC) model [32] [33] [34] [35] [36] , and so on. Both the Preisach model and the Prandtl-Ishlinskii model are essentially mathematical descriptions of observed hysteresis in smart materials, whereas the MRC model is based on physical principles. To compensate for hysteresis, the procedure generally consists of three steps: modeling the real hysteresis nonlinearity; identifying the model parameters to match the real hysteresis; and constructing the inverse model. The hysteresis compensation is realized by passing the desired trajectories to the inverse model to generate the preshaped input. In this sense, the MRC model has advantages over the Preisach model or the Prandtl-Ishlinskii model, as its forward and inverse models are described by the same set of equations. Actually, the parameters can be directly identified from the inverse model by inverting the measured displacement and the applied voltage.
Besides the hysteresis, PEAs also suffer the dynamic effect. Considering both the dynamic effect and hysteretic nonlinearity, a PEA can be modeled as a cascade connection of a rate-independent hysteresis block and a linear dynamic system, see figure 5 . Then, trajectory preshaping can be combined with hysteresis compensation. In [7] , the dynamic effect was measured over a range of less than 10% of the maximal range to minimize the hysteresis effect. However, this approach cannot capture the coupled dynamics and hysteresis effects. In [37] , two third-order polynomials were used to characterize the increasing and decreasing voltage profiles respectively of the hysteresis loop. Then the linear model was identified for the hysteresis-compensated PEA-cascade connection of the inverse hysteresis model and PEA. Unfortunately, the polynomials can only describe the increasing and decreasing curves of the major hysteresis loop and are insufficient to model the complexity of hysteresis.
In this paper, a modified MRC model [38] , which is capable of mapping the voltage-displacement properties directly, is used to compensate for hysteresis. Then the compensated PEA is treated as a linear system and its frequency response is measured. Based on the frequency response, the scanning trajectories are preshaped. The proposed control strategy is depicted in figure 5 and its performance is demonstrated experimentally.
The remainder of this paper is organized as follows. Section 2 presents the analysis of problems related to scanning applications. Section 3 presents the development of the open-loop controller that combines hysteresis compensation and trajectory preshaping. This control strategy is tested on a piezostage and the experimental results are included in section 4. Section 5 ends this paper with some conclusions.
Problem statement
The objective of this research is to achieve a high scan frequency for a large scan range (>1 µm) in scanning applications of PEAs. This section describes the properties of typical scanning trajectories and the hysteresis effect.
Typical signals
The scan area is rectangular in a typical scanning application such as a scanning probe microscope. It is covered by driving the platform or the probe in a raster pattern, see figure 1 . A triangular waveform is applied to the x-axis (fast axis) and a staircase like signal or a pseudo-ramp signal is applied to the y-axis (slow axis) [2] [3] [4] [5] . During the forward scan of the x-axis, the y-position is fixed. During the return scan of the x-axis, the y-position is incremented by one step. The forward and return scanning pattern is repeated until the entire desired area is covered.
As shown in figure 1(b), let the staircase like signal applied to the y-axis consist of n steps with each step having the period of T. Then the fundamental frequency of the corresponding triangular waveform applied to the x-axis is f = 1/T. For large-area, high-resolution, high-speed scanning, the required T is quite small and n is sufficiently large. Thus, the triangular waveform is of high frequency. For example, in order to cover the desired area with 100 × 100 points in 1 s, the fundamental frequency should be no less than 100 Hz. The componential frequencies, frequencies of odd harmonics of the fundamental frequency, are even higher. Whereas the y-axis only moves one step forward in one period T, the componential frequencies are much smaller than those of the x-axis. Both signals can be represented by Fourier series as
where
, ω k = 2π kf , and ψ = 0 for the triangular waveform; and
T , and ψ = − π 2 for the staircase like signal. Their frequency spectra are plotted in figure 2 for T = 0.01 s and n = 100. The componential frequencies of the triangular waveform with relative amplitude less than 0.1% reach 3000 Hz, whereas those of the staircase signal are only slightly greater than 300 Hz. Meanwhile, the relative amplitude of the componential harmonics of the triangular wave decreases rapidly with k. However that of the staircase decreases more slowly.
Hysteresis effect
Hysteresis is a nonlinearity; the output displacement depends on a combination of the currently applied voltage as well as on some past values of the applied voltage (memory). Hysteresis can lead to large positioning errors in piezo-positioners which are operated over relatively long displacement ranges. To drive the PEA to relaxed state, it is initialed by the signal [38] 
where u max is the maximum input applied to the PEA, t f is the initial routine end time, k 1 , k 2 , and t 1 are the designed parameters satisfying that k 1 , k 2 > 0 and
. Then a 1 Hz sine wave with amplitude of 2.5 V and bias of 2.5 V is applied and the input voltage and output displacement are shown in figure 3(a) . There is bias in the output displacement. To make the following analysis simple, a coordinates translation is made by shifting the actual coordinate (u(t f ), x(t f )), the pair of input voltage and output displacement after the initial routine, to the origin (0, 0). The same initial routine and coordinates translation are also carried out in this paper. Figure 3 shows the hysteresis loops, with coordinates translation, that are generated by applying sinusoidal signals with f = 1, 50, and 100 Hz to a PEA. The experimental results indicate that the hysteresis in PEAs is frequency-dependent: as the frequency increases, the hysteresis loop not only gets shorter and wider, but also tends to rotate clockwise as a whole. Actually the frequency-dependent feature results from the dynamic effect. Thus, a PEA can be modeled as a cascade connection of a rate-independent hysteresis block and a linear dynamic system. By applying sinusoidal signals with different amplitudes, the frequency responses of a PEA are shown in figure 4. Due to hysteresis effect, the gains, the output-input amplitude ratio, of a PEA are amplitude-dependent.
Open-loop control
As stated above, a PEA is modeled as a cascade connection of a rate-independent hysteresis block and a linear system. Thus, a hysteresis-compensated PEA is a linear system, the frequency responses of which can be measured and used to preshape the desired scan trajectories. Upon this analysis, an open-loop control scheme is proposed in this section. The control scheme has a simple structure as shown in figure 5 . The main ideas are: identifying the hysteresis based on a modified MRC model, compensating hysteresis by using an inverse model, measuring the frequency response of the hysteresis-compensated PEA, and preshaping the desired trajectories according to the properties of the trajectory and the response of the compensated PEA.
Nonlinearity compensation
As shown in figure 6, Goldfarb and Celanovic [32, 33] proposed an electro-mechanical model for PEAs, which consists of an electric and a mechanical domain, as well as energy transfer between the two domains. The mechanical part is characterized by a second-order system
where x is the displacement, m, c, and k are effective mass, damping, and stiffness of a PEA, F T and F ext are forces transduced from the electric domain and imposed from external mechanical load. The electro-mechanical transformer is governed by
where u T is the voltage applied to the transformer and q T is the charge on it, and T is the electro-mechanical transformation ratio. The total applied voltage and charge is calculated as
where C is the PEA's capacity and u mrc is the voltage across the MRC block. Hysteresis herein lies solely in the electric domain between u mrc and q, which is described by the MRC modelq
A detailed physical interpretation of the MRC model was given in [38] . Based on the interpretation and under slow signal assumption, a modified MRC model that completely characterizes the input-output properties of a PEA was also proposed. It is shown in figure 7 and governed by following equationsq
where q i , u i , u S,i , and C i are the charge, voltage, saturated voltage, and capacity of the voltage-limited capacitor SC i , respectively; and T e is the effective displacement to charge electro-mechanical transfer ratio. The PEA's output displacement x is assumed to be proportional to the charge passing through it with proportionality constant T e . All the voltage-limited capacitors have the same current due to cascade connection. Before SC i is saturated, the change rate of q i is the same as that of the charge q passing through the circuit. After SC i is saturated, the change rate of q i is zero. The q i is proportional to u i with proportionality constant C i . The voltage applied to the circuit u equals the summation of u i . To avoid singularity in the simulation, SC n+1 is a voltage-limited capacitor with sufficiently large saturated voltage that it is never saturated or a pure capacitor. More details are referred to in [38] . In this model, the parameters κ i and u S,i can be identified from one set of input and output signals.
To identify the parameters of this model, a triangular excitation with stepwise decreasing amplitude is applied to a PEA. The input and output data are collected at a sampling rate of 5 kHz and the results are shown in figure 8 . The input voltage has the slope of 10 V s −1 , at which speed the dynamic and creep effects can be ignored.
The initial MRC parameters are calculated from a piecewise linear fit of the initial rising curve with n linear elements [32, 33, 35] . Firstly, the initial rising curve is fitted with a polynomial function, u = p(x), with an appropriate degree. Then interval [0, x max ] is divided into n − 1 equally spaced segments, with the length of each segment x = x max /(n − 1). Thus, one has After κ n is approximated from dp dx (x max ), i.e. 1 κ n ≈ dp dx (x max ), κ i , i = 1, 2, . . . , n − 1, can be calculated from equation (16) . Then, the saturated voltages u S,i are calculated from
As the nth element never saturates, u S,n is selected as a fixed sufficiently large voltage.
These parameters are then optimized by solving the following minimization problem: (18) where N is the number of samples, and MRC refers to the modified MRC model operator. The identified parameters are given in table 1.
Actually, equations (12)- (14) describe a general relationship between the voltage and the displacement. This relationship is bidirectional, which means the inverse model is also governed by equations (12)- (14) and can be built directly. The parameters for the inverse model are the same as those identified from the modified MRC model. Actually, the inverse model can also be identified directly by treating the measured displacement as the model input and the applied voltage as output. In this sense, the MRC model is simpler to implement than the Preisach model or the Prandtl-Ishlinskii model.
With the inverse model, the nonlinear hysteresis is compensated for. By applying sine waves with different amplitudes to the hysteresis-compensated PEA, the frequency responses are obtained and shown in figure 9 . It can be seen that a good linear result has been obtained. At low frequency, the responses are almost the same for signals with different amplitudes. The gains approximate to 1 and the phases approximate to 0. The gain and phase slightly decrease as the frequency increases. However, at high frequency, the differences between those responses increase but are still very small. The gains and phases decrease with frequency rapidly. Thus, the nonlinear gain caused by hysteresis is well compensated and the compensated PEA can be treated as a linear system. 
Control algorithm implementation
As seen from figures 2(a) and 9, at the first several componential frequencies of the triangular waveform, there is obvious gain decrease and phase lag. Thus, the high-speed triangular scanning trajectory needs to be preshaped. It is firstly approximated by the first finite odd harmonics, and then inverse-feedforward input for each harmonic is calculated based on the frequency response of the compensated PEA. Details are given as follows.
The compensated PEA is approximated by a linear system G. Let the desired trajectory be y d and its Fourier transform be Y d (iω). Then, one has
where U(iω) is the Fourier transform of the input voltage u that is applied to the compensated PEA. The Fourier series expansion of the triangular waveform is given in equation (1) . Let the magnification and phase shift of the compensated PEA at frequency ω k be M k and φ k , Then the following input is applied on system G
with y d (t) being the output. More details can be found at [3, 4, 18] . As shown from figures 2(b) and 9, the gain is close to 1 and the phase lag is negligible in the considered range of the componential frequencies of the staircase like signal. This means that the dynamic effects of a compensated PEA can be ignored and the staircase signal can be applied to a compensated PEA directly.
For the fast axis, to implement the control algorithm, two problems should be solved first. The desired trajectory y d (t), and hence u(t), has an infinite number of harmonics and is consequently not band-limited. Therefore one needs to choose an appropriate number of harmonics based on the sensor and actuator bandwidth, ambient noise, sampling, quantization and machine precision. Meanwhile, the compensated PEA should be identified. If the desired trajectory is given, the identification can be carried out by measuring the frequency response of a compensated PEA at componential frequencies ω k . However, if the desired trajectory is changed, the componential frequencies may change. To avoid remeasuring the frequency response when the desired trajectory is changed, a high-order transfer function model can be identified, although this will add unnecessary complications. An alternative is to measure the responses of a compensated PEA at a set of fundamental frequencies, then to calculate the response at a frequency component using interpolation technology. Finally, the preshaped input is calculated using equation (21) . Figure 5 shows the overall control strategy. However, for the slow axis, the staircase input is directly applied to the compensated PEA. Figure 10 shows the experimental system used to validate the proposed control strategy. This system consists of a PI-753.1CD linear piezostage from Physik Instrumente and a real-time control system. The piezostage is integrated with a capacitive sensor and driven by an E-625 piezo amplifier/controller. A notch filter is provided by the E-625 and turned on to reduce resonances. Real-time control is implemented in MATLAB real-time workshop and xPC target using a host-target configuration. The control algorithm is compiled on the host computer and then downloaded to the target computer for execution in real-time. The target computer is equipped with a data acquisition and control card PCI-6289 from National Instruments Corporation, having 32 18-bit A/D channels and four 16-bit D/A channels. The experiments are carried out in a real-time environment at room temperature and an up to 100 kHz sampling rate is used.
Experimental results

Experimental setup
Triangular wave tracking performance
Periodic triangular waveforms with peak-to-peak value of 5 µm are used as the desired trajectories. They are approximated by the first finite harmonics and preshaped based on the measured frequency responses of the compensated PEA. The preshaped trajectories are then applied to the inverse hysteresis model to generate the actual driving signals for the PEA. This process is carried out offline on the host computer. Finally, the driving signals are downloaded to the target computer for real-time execution. Figure 11 shows the results of tracking a 100 Hz triangular waveform by preshaping with the first five odd harmonics (the even harmonics of the triangular waveform are zero, see equation (1)). The peak-to-peak value of the preshaped trajectory is larger than that of the desired trajectory. The reason is that the gains of the hysteresiscompensated PEA at the componential frequencies of the 100 Hz triangular waveform are less than 1, see figure 9 (a). Meanwhile, the preshaped trajectory is also shifted forward as the compensated PEA has phase lags at these frequencies. With the trajectory preshaping and hysteresis compensation, the displacement of the PEA follows the desired trajectory closely. The maximum difference from the desired trajectory is less than 0.15 µm and the normalized root mean square error (NRMSE) is 0.97%.
More experimental results are shown in figure 12 for triangular waveforms with different frequencies and numbers of harmonic components. Given the number of harmonics, the tracking error increases with the scanning frequency. The tracking error is less than 1.5% when the scanning frequency is under 250 Hz. An excellent tracking performance (<1.5%) can also be achieved by using the first five harmonics to approximate the 500 Hz triangular waveform. A tracking error of less than 1% was reported in a recent study [12] , however the frequency of the desired signal is only around 0.5 Hz. A more recent result in [19] shows e nrms of 1.76% at 600 Hz. However, a more complicated feedforward-feedback control scheme was used. Moreover, the componential frequencies of the 500 Hz triangular signal are higher than 600 Hz. The frequency of the fifth odd harmonic is up to 4500 Hz.
An analysis shows that several factors contribute to the tracking error, for example the trajectory preshaping truncation, hysteresis modeling error, frequency response identification error, uncertainties in PEAs, etc. The error caused by truncation is believed to be minimized by adding more odd harmonics. This trend is obvious when the number of harmonics is small. However, as the number of harmonics continues to increase, the tracking error may increase. For instance, for the case with a scanning frequency of 100 Hz, the tracking error increases with the number of odd harmonics when the latter is greater than 9. This can also be seen for the case with a scanning frequency of 250 Hz, when the number is between 4 and 10. The reason is that, as the number of harmonics increases, the added harmonics will introduce the high frequency uncertainties in the PEA, which will contribute to the tracking error. However, the error reduced by adding odd harmonics diminishes as 1/k 2 , see equation (1) . Thus, the error introduced may be even greater than the error reduced by adding odd harmonics, which consequently causes the tracking error to increase. The number of harmonics should be selected based on the fundamental frequency and the frequency response of the compensated PEA. Generally speaking, when the fundamental frequency is small, a large number of harmonics can be chosen, whereas a small number should be selected when the fundamental frequency is large. 
Staircase signal tracking performance
The staircase signal is applied directly to the compensated PEA as its main componential frequencies are low, see figure 2 (b). The desired staircase like trajectory is required to cover 5 µm in 50 steps with each step lasting for 0.02 s. The corresponding scanning frequency of the fast axis is 50 Hz. Figure 13 shows the tracking result as well as the zoom-in plot in the lower right corner. The displacement of the PEA follows the desired staircase closely and e nrms = 0.36%. The maximum tracking errors occur in the transient phase of each step. Actually, during the first half period of each step, the fast axis moves back and nothing is recorded. Thus, tracking error during the second half period of each step is the most important error for the scanning application, and this error is denoted byē. For this specific staircase input,ē nrms = 0.26% andē nmax = 0.52, where the subscripts 'nrms' and 'namx' refer to 'normalized root mean square' and 'normalized maximum'.
More experimental results for staircase signals with different parameters are shown in figure 14. For 5 µm travel range, four different step numbers (n = 50, 100, 250 and 500) and four different periods (T = 0.002, 0.004, 0.01, and 0.02 s) are used. Surprisingly, the best performance for each group is achieved when the total time of the staircase nT ≈ 1 s. Otherwise, the tracking error becomes larger. The reason is that at this time scale the creep effect is close to that included in the signal used to identify the model. Thus it is minimized by the inverse model. The creep-caused displacement changes as the time scale changes, which causes the tracking error increase.
The number of steps should be chosen according to not only the resolution requirement but also the scanning frequency of the fast axis. Given a scanning frequency, i.e. a fixed step period, there is an optimal number of steps, as can be seen from figure 14. Increasing or decreasing n will cause the tracking error to increase, or even thatē nmrs > 1/n, i.e. the root mean square error is larger than the step size.
When the period T reduces, the differences between the maximum tracking errors of different staircase signals become smaller. The maximum tracking error also increases in the sense of mean value. This is because, for the smaller periods, the PEA is not steady when it is driven from the center to the negative maximum and the maximum tracking error occurs at this transient phase, as can be seen from the zoom-in plot in figure 15 . In this case, a ramp signal can be used to replace the step signal to drive the PEA to the initial position. This problem can also be fixed by ignoring the first several steps.
Generally speaking, the tracking performance of the slow axis is much better than that of the fast axis.
Discussion
A open-loop control scheme of piezoactuator is proposed for high-speed scanning applications. Its effectiveness is demonstrated experimentally on a linear piezostage. Since the piezostage is a linear one, the control schemes of the two axes are tested separately. This indicates that the proposed approach can work if the two axes of the scanning system are decoupled. However, the two axes of the actual two-dimensional scanning system may be coupled with each other. Thus, the effectiveness of the proposed approach needs further tests on an actual two-dimensional scanning system.
Conclusions
In this paper, an open-loop feedforward controller is developed for a piezoactuator (PEA) in high-speed largerange scanning applications. The PEA is linearized through hysteresis compensation with a modified Maxwell resistive capacitance model. Then the desired trajectories are preshaped based on the frequency responses of the compensated PEA. Different preshaping strategies are applied to the fast and the slow axis. For the fast axis, the high-speed triangular scanning trajectory is approximated by the first finite odd harmonics and then the inverse-feedforward input for each harmonic is calculated. However, for the slow axis, the staircase like signal is applied to the hysteresiscompensated PEA directly. Experiments are conducted and the results show that excellent tracking performance (<1.5% tracking error) can be achieved for the scanning frequency up to 500 Hz. The tracking error for the slow axis is even smaller.
